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Introduction {#sec1}
============

The development of advanced lithium-ion batteries (LIBs) with high energy density and long cycle life is critical for improving user experience with portable electronic devices and meeting the insatiable demands from electric vehicles and grid-level energy storage ([@bib1], [@bib5], [@bib17]). Alloy-type anode materials have attracted considerable interest as potential alternatives to state-of-the-art graphite anode for high-energy-density LIBs for their much higher theoretical capacity (e.g., 4,200 mAh g^−1^ in Si:; 990 mAh g^−1^ in Sn:; and 782 mAh g^−1^ in SnO~2~: versus 372 mAh g^−1^ in graphite) ([@bib9], [@bib21], [@bib35]). Despite enormous interest, the practical potential of such alloy-type anodes remains to be demonstrated to date. The extraordinary promise of such alloy-type anode is usually only achieved in research devices with relatively low mass loadings of the active materials (∼1 mg cm^−2^) and rather low areal capacity rarely exceeding those of today\'s LIBs (∼3 mAh cm^−2^) ([@bib6]). With such a low mass loading, the highly promising electrochemical performance achieved diminishes in practical devices when mass of the passive components such as current collectors and separators (e.g., ∼5--10 mg cm^−2^) is included ([@bib3], [@bib7], [@bib11], [@bib14], [@bib16], [@bib18], [@bib25]). To fully capture the potential of such alloy-type anodes to impact practical technologies, it is imperative to considerably increase the areal mass loading to be at least comparable to that of the passive components and to achieve greatly higher areal capacity than that of the state-of-art devices today.

To increase the areal capacity by increasing the areal mass loading appears straightforward, but has met with limited success to date owing to a number of key challenges associated with the intrinsic nature of the alloy-type materials. First, the alloy-type anodes typically exhibit a large volume change upon lithiation and delithiation process (e.g., 400% for Si and 300% for SnO~2~), which could lead to rapid pulverization during the charge/discharge process ([@bib20]). Although this problem could be partially mitigated by various nanostructuring or compositing strategies ([@bib8], [@bib13], [@bib15], [@bib22], [@bib26], [@bib27], [@bib28], [@bib29], [@bib30], [@bib33]), they are usually only applicable for electrodes with relatively low mass loading (\<1 mg cm^−2^). The volume change issue rapidly aggravates in thicker electrode at higher mass loading. The large volume swing between the charged and the discharged states results in excessive mechanical strain in the thicker electrode, leading to mechanical disintegration of the entire electrode structures and thus rapidly degrading cycling performance. Second, with their intrinsically high capacity, fully satisfying the charge storage capacity of the thicker electrode requires delivery of substantially more charge (electrons and ions) into the electrode in a given area. In particular, such a requirement becomes increasingly more challenging in thicker electrode with higher mass loading, because a proportionally larger number of charges have to travel across a proportionally longer distance to fully utilize all the storage capacity of the active material in the thick electrode. Such a charge delivery requirement far exceeds that of typical electrode architecture design of the state-of-art batteries, posing a serious charge delivery challenge in fully utilizing the charge storage potential of such high-capacity materials at high mass loading. For the above challenges, the capacity and cycling performance rapidly degrade in electrode with the mass loading approaching practical levels (∼10 mg cm^−2^). Thus the alloy type anodes have exerted rather limited impact in practical technologies to date despite their extraordinary potential.

Here we report the design and preparation of 3D holey graphene framework/SnO~2~ (3D-HGF/SnO~2~) composite with ultra-high areal mass loading and ultra-high areal capacity. By impregnating the micrometer-sized SnO~2~/graphene composites into the 3D-HGF, we produce a freestanding monolithic mechanical strong framework structure with interpenetrating electron transport and ion transport paths. Within such structure, the ultrasmall SnO~2~ nanoparticles are fully embedded into the micrometer-sized composites and the graphene sheets can function as an effective encapsulation and buffer layer to accommodate the volume expansion of SnO~2~ nanoparticles during lithiation process. The fully conjugated monolithic 3D graphene framework structure offers sufficient porosity, extraordinary mechanical strength, and mechanical flexibility to accommodate the large volume change of the alloy-type anode and ensure cycling durability. At the same time, the 3D-HGF structure also offers a fully conjugated graphene network for excellent electron conduction and fully interconnected hierarchical porous structure for ion transport, thus satisfying the charge delivery demand of the high-capacity alloy-type anodes, promising high utilization efficiency of the active material at practical levels of mass loading ([@bib24], [@bib31]). We show that 3D-HGF/SnO~2~ electrode with high mass loading up to 12 mg cm^−2^ can be created with ultra-high areal capacity up to 14.5 mAh cm^−2^ under current density of 0.2 mA cm^−2^ and stable areal capacity of 9.5 mAh cm^−2^ under current density of 2.4 mA cm^−2^, considerably outperforming those in the state-of-the-art research devices or commercial devices. This work represents a critical step toward capturing the full potential of high-capacity alloy-type electrode materials in practical devices.

Results {#sec2}
=======

The freestanding 3D-HGF/SnO~2~ composites were prepared using a two-step process. In the first step, the SnO~2~ nanoparticles were directly grown on freestanding graphene sheets through a hydrothermal process followed by a freeze-drying process and then an annealing at 500°C to obtain micrometer-sized SnO~2~/G composites. The SnO~2~/G composites were then mixed with holey graphene oxide sheets and conjugated into a freestanding 3D framework structure using ascorbate reduction process ([Figure 1](#fig1){ref-type="fig"}A), which was then freeze-dried and annealed at 500°C under argon flow for 2 h to produce freestanding monolithic 3D porous composites with the HGF as the conductive scaffolds for micrometer-sized SnO~2~/graphene composites ([Figure 1](#fig1){ref-type="fig"}B). Within such composite, the SnO~2~ nanoparticles are fully buried into the micrometer-sized composites and the graphene sheets can act as cushion to accommodate the volume expansion of SnO~2~ nanoparticles during lithiation process. The micrometer-sized SnO~2~/graphene composites were impregnated into 3D HGF, which can offer an effective encapsulation and buffer layer to further accommodate the volume changes and ensure cycling durability. Meanwhile, the 3D HGF also provides rapid interpenetrating pathways for both electrons and ions and sustains high utilization efficiency of the active material at high mass loading levels.Figure 1Preparation and Characterization of 3D HGF/SnO~2~(A) Schematic illustration of preparation of 3D HGF/SnO~2~.(B) Cross-sectional scanning electron microscopic image shows interior microstructures of HGF/SnO~2~. The SnO~2~ nanoparticles were first grown on graphene sheets to obtain micrometer-sized SnO~2~/G composites, which were then incorporated into a 3D HGF to form the composite anode.(C) TEM image of graphene sheets with uniformly decorated SnO~2~ nanoparticles.(D) High-resolution TEM image of SnO~2~ nanoparticles.(E) X-ray diffraction patterns of the as-synthesized freestanding HGF/SnO~2~ composite.(F) Raman spectra of HGF/SnO~2~ electrodes. The D and G bands are characteristic of RGO.(G) Thermogravimetric analysis of HGF/SnO~2~ electrodes.

SnO~2~ nanoparticles can interact with graphene sheets through physisorption and electrostatic binding. In addition, the residue oxygenic groups on the reduced graphene oxide could also chemically bind to SnO~2~ nanoparticles ([@bib28], [@bib29]). The transmission electron microscopic (TEM) image clearly reveals well-distributed SnO~2~ nanoparticles decorated on the graphene sheets with average size of around 5--8 nm ([Figure 1](#fig1){ref-type="fig"}C). The lattice-resolved TEM image shows a lattice spacing of 0.33 nm ([Figure 1](#fig1){ref-type="fig"}D), corresponding to the (110) plane of the SnO~2~. The X-ray diffraction studies of the freestanding HGF/SnO~2~ composite show consistent diffraction pattern matching well with the standard SnO~2~ card (JCPDS no. 41-1445), indicating the high purity of the SnO~2~ in the composites ([Figure 1](#fig1){ref-type="fig"}E). Based on the diffraction peak width, we can also determine the average particle size to be ∼8 nm using Sherrer\'s formula, consistent with TEM studies. The small particle size is beneficial for withstanding volume expansion or contraction during the charge/discharge processes and improving capacity and rate performance of 3D HGF/SnO~2~ by shortening the Li^+^ diffusion distance in Li~x~SnO~2~ ([@bib30]). Raman spectroscopy studies show the expected D and G bands of reduced GO (RGO) in the composites ([Figure 1](#fig1){ref-type="fig"}F). Thermogravimetric analysis shows a clear mass loss at 600°C, indicating that the mass percentage of RGO in the as-prepared HGF/SnO~2~ composite is 26% ([Figure 1](#fig1){ref-type="fig"}G). Together, these structural analyses clearly demonstrate that the two-step synthesis effectively produces mechanically strong 3D porous composites with a high loading of SnO~2~ nanoparticles.

We have next tested the Li storage performance of 3D-HGF/SnO~2~ composites at different mass loadings. As a control sample, the simple G/SnO~2~ slurry composite with a randomly stacked graphene network (the synthesis processes are described in the [Supplemental Information](#mmc1){ref-type="supplementary-material"}) was also prepared and compared. Electrodes with three different levels of mass loading were investigated, corresponding to a typical loading amount for research studies (2 mg cm^−2^), one that is representative of practical levels of mass loading (12 mg cm^−2^) and an intermediate level of mass loading (7 mg cm^−2^). For the G/SnO~2~ control electrodes, it is apparent that galvanostatic charge/discharge characteristics vary dramatically at different mass loadings ([Figure 2](#fig2){ref-type="fig"}A). The voltage-capacity curves exhibit an increasingly steeper slope and larger voltage drop at higher mass loading, with rapidly degrading gravimetric capacity within a given potential window, which can be attributed to an increasingly larger internal resistance in thicker electrode, which in turn leads to higher overpotentials and lower capacities ([@bib23]). In contrast, the charge/discharge curves of the 3D-HGF/SnO~2~ electrodes show a relatively small voltage drop and capacity loss with increasing mass loading ([Figure 2](#fig2){ref-type="fig"}B), indicating that HGF/SnO~2~ exhibits much smaller overpotential, which might be largely attributed to the much smaller internal resistance of the 3D-HGF composite structure. As a result, the HGF/SnO~2~ electrode shows much less capacity degradation induced by mass loading at various C-rates. In contrast, increased mass loading for G/SnO~2~ control electrodes leads to a significant decrease in energy storage properties with essentially diminished capacity at high C-rate (e.g., \>500 mA cm^−2^) ([Figures 2](#fig2){ref-type="fig"}C and [S1](#mmc1){ref-type="supplementary-material"}).Figure 2Effects of Mass Loading on Electrochemical Characteristics(A and B) Galvanostatic charge/discharge curves for (A) the G/SnO~2~ control electrode and (B) the HGF/SnO~2~ electrode at a current density of 500 mA g^−1^ for mass loadings of 2, 7, and 12 mg cm^−2^.(C) Comparison of the rate performance between 20 mA g^−1^ and 2,000 mA g^−1^ for HGF/SnO~2~ (solid) and G/SnO~2~ (open) electrodes under different mass loadings (2, 7, and 12 mg cm^−2^).(D and E) Retention of specific capacity of HGF/SnO~2~ (solid) and G/SnO~2~ (open) anodes at (D) 50 mA g^−1^ and (E) 500 mA g^−1^ with increasing mass loadings.(F) The cycle performance of HGF/SnO~2~ and G/SnO~2~ electrode with mass loading of 12 mg cm^−2^ at a current density of 2.4 mA cm^−2^. The Li metal counterelectrode was replaced at the 206^th^ cycle to avoid impact by the degradation of the Li metal electrode. The electrochemical properties were normalized by the total mass of the electrode materials (HGF/SnO~2~ electrodes free of conductive additives and binders and the control G/SnO~2~ including binders and conductive additives).

These studies at different C-rates further demonstrate exceptional capability of HGF/SnO~2~ to retain high capacitance at high mass loading at various current densities. For example, a capacity of 1,060 mAh g^−1^ is maintained in electrode with 12 mg cm^−2^ loading at a current density of 50 mA g^−1^, which is only 13% less than that (1,220 mAh g^−1^) with 2 mg cm^−2^ mass loading ([Figure 2](#fig2){ref-type="fig"}D). Even at the high current of 500 mA g^−1^, the HGF/SnO~2~ electrode retains a capacity of 576 mAh g^−1^ at a mass loading of 12 mg cm^−2^, a 39% decrease of from 938 mAh g^−1^ at the 2-mg cm^−2^ electrode ([Figure 2](#fig2){ref-type="fig"}E). In contrast, in the G/SnO~2~ electrodes, the gravimetric capacity seriously degraded from 850 to 218 mAh g^−1^ when the mass loading is increased from 2 mg cm^−2^ to 12 mg cm^−2^ at a current density of 50 mA g^−1^; at higher current density of 500 mA g^−1^, even more severe decrease in energy storage properties is observed in high mass loading electrodes with only 36 mAh g^−1^ left in electrode with 12 mg cm^−2^ mass loading ([Figure 2](#fig2){ref-type="fig"}D). Such a large degradation in performance with increasing mass loading highlights the challenges in delivering sufficient ionic current densities to retain the same gravimetric energy storage performance in thicker electrodes.

The encapsulation of the SnO~2~ nanoparticles in SnO~2~/graphene composites and then impregnation of the micrometer-sized composites into strong 3D-HGF offers sufficient flexibility and space to accommodate the repeated volume change during the charge/discharge process to ensure excellent cycling stability at high mass loading. To this end, we have tested the cycling stability of 3D-HGF/SnO~2~ electrodes and compared against that of G/SnO~2~ electrode at a mass loading of 12 mg cm^−2^ ([Figure 2](#fig2){ref-type="fig"}F). Under a current density of 2.4 mA cm^−2^, the reversible capacity of the HGF/SnO~2~ electrodes can be as high as 9.5 mA h cm^−2^ after 400 cycles, with the Coulombic efficiency consistently above 99.9%, demonstrating the robust porous architecture of the 3D composites. In contrast, the G/SnO~2~ electrode exhibited a very poor cycling performance, with a rapid fading of capacity to 0.25 mAh cm^−2^ after 40 cycles owing to the severe pulverization. In this work, we impregnated micrometer-sized SnO~2~/graphene composites as a secondary structure into 3D HGF, so the solid-electrolyte interface largely forms the outer layer of the secondary structure, which makes the whole structure more static during charge/discharge processes. Compared with the control G/SnO~2~ electrode without secondary microstructure, our electrode showed considerably higher first cycle Coulombic efficiency of 79.2% (55.1% for the control electrode) and more stable cycling performance. It should be noted that, at such high areal capacity and current density, the stability of Li-metal electrode poses a challenge for long cycling durability test. To this end, we have replaced the Li metal counterelectrode with a fresh one at the 206^th^ cycle so that the degradation of the Li metal counterelectrode would not affect the cycling performance of the HGF/SnO~2~ electrodes.

The ability to retain high electrochemical performance and achieve high areal capacity at high mass loading is critical for practical applications, because a higher mass loading can reduce the relative overhead from the current collectors and separators and is thus critical for achieving higher cell-level energy density ([@bib6]). For this reason, the areal capacity provides an important measure for assessing the practical performance of electrode materials for LIBs ([@bib23]). To this end, we have evaluated the areal capacity (mAh cm^−2^) as a function of areal mass loading (mg cm^−2^).

In the ideal case, the areal capacity scales proportionally with increasing mass loading of the active materials. However, owing to charge transport limitations, a sublinear relationship or inverse relationship can be observed in many electrode materials. For example, for the G/SnO~2~ electrodes, the areal capacity only increased by 53% from 1.44 to 2.21 mAh cm^−2^, when the mass loading is increased by 250% from 2 to 7 mg cm^−2^. Even worse, when the mass loading is further increased to 12 mg cm^−2^, the areal capacity is decreased to 1.57 mAh cm^−2^, which can be attributed to reducing the utilization efficiency of the active materials with increasing charge transport resistance in thicker electrode. On the other hand, for 3D-HGF/SnO~2~ composite with optimized charge transport properties, a nearly linear scaling relationship is observed. When the mass loading is increased from 2 to 7 mg cm^−2^, the areal capacity is nearly proportionally increased from 2.38 to 7.68 mAh cm^−2^, indicating no charge transport limitation in these mass loading ranges. With further increase in the mass loading to 12 mg cm^−2^, the areal mass loading is further increased to 12.13 mAh cm^−2^ ([Figure 3](#fig3){ref-type="fig"}A). Apparently, the areal capacity increase slows at higher mass loading, suggesting that the charge transport resistance starts to play a limiting role in such a thick electrode.Figure 3Performance Metrics for Electrodes with High Mass Loading(A) Dependence of areal capacity on mass loading at 100 mA g^−1^ for HGF/SnO~2~ and G/SnO~2~ electrodes.(B) The correlation of areal capacity with mass loading (2, 7, and 12 mg cm^−2^) at various current densities for the HGF/SnO~2~ electrode.(C) The effect of current density and mass loading on the areal capacity of the HGF/SnO~2~ electrode.

We have further evaluated the areal capacity versus areal mass loading for the HGF/SnO~2~ composite electrode at different current densities ([Figure 3](#fig3){ref-type="fig"}B). At relatively low current densities of 20, 50, and 100 mA g^−1^, the areal capacity increases linearly with mass loading until 12 mg cm^−2^. At higher current density beyond 500 mA g^−1^, the areal capacity starts to deviate from linearity to reach a plateau at a high mass loading of 12 mg cm^−2^. The plateau-like behavior indicates that the penetration depth limit for the ionic current has been reached at such current density, as previously suggested by Gallagher et al. ([@bib6]). The transition between the linear response and the plateau suggests that the higher loading becomes progressively less beneficial, particularly at higher current density regime.

At even higher current density of 1,000 mA g^−1^, the areal capacity experiences a slight decrease at high mass loading, suggesting that the charge transport resistance starts to limit the utilization efficiency of the active materials at such high rate. The decrease in areal capacity (for example, 1,000 mA g^−1^ at loadings of 12 mg cm^−2^) can be attributed to concentration polarization due to insufficient charge (ion) delivery rate to fully satisfy the charge storage requirements ([@bib24]).

To further evaluate the Li storage performance at different current densities and probe the charge delivery limitations, we have plotted the areal capacity as a function of areal current density for the 3D-HGF/SnO~2~ electrodes at different mass loadings ([Figure 3](#fig3){ref-type="fig"}C). At low-enough current density, the areal capacities level off near the maximum theoretical value as all the electrode material becomes accessible to electrolyte penetration and can be fully utilized when the charge and discharge rates are sufficiently slow. Notably, in this regard, a maximum areal capacity of 14.5 mAh cm^−2^ is reached at mass loading of 12 mg cm^−2^, considerably higher than the areal capacity achieved with the previous anode materials and structures. It is also noted that all the electrode with different mass loadings show a rapid decrease in areal capacity when the current density is increased beyond 10 mA cm^−2^, suggesting that charge transport within the electrolyte is becoming the limiting factor at such current density ([@bib6]). It is also interesting to note that such a decrease in capacity around 10 mA cm^−2^ also coincides with a similar decrease observed in 3D-HGF/Nb~2~O~5~ composites at similar current densities. Such a collapse at a similar critical current density indicates that a similar ion delivery limitation is achieved with these different 3D-HGF composite materials, which might be attributed to an intrinsic ion diffusion limitation of the 3D-HGF structures.

We have also compared the areal capacity versus current density with those of the state-of-the-art commercial graphite anodes ([@bib2], [@bib6], [@bib19]) and representative research anodes (such as Si and SnO~2~) ([Figure 4](#fig4){ref-type="fig"}A) ([@bib4], [@bib10], [@bib12], [@bib20], [@bib22], [@bib28], [@bib29], [@bib32], [@bib34]). Compared with typical commercial or research devices, our composite electrode delivers a much higher areal capacity at a given current density, almost doubling the highest value reported before. It is noted that the areal capacity achieved in HGF/SnO~2~ is lower than that of the previously reported Nb~2~O~5~/HGF electrode under ultra-high current of 20 mA cm^−2^, at which regime the charge transport might be limited, relatively slower Li^+^ ion diffusion inside SnO~2~ when compared with much faster diffusion in Nb~2~O~5~. The superior performance of HGF/SnO~2~ is more evident in the linear plot of the areal capacity versus current density ([Figure S2](#mmc1){ref-type="supplementary-material"}). The advantage of having electrodes with high mass loading becomes more apparent when the mass of the inactive components (such as current collectors ∼10 mg cm^−2^) is taken into account ([@bib7], [@bib23]). For example, normalizing the capacity by the mass of the entire electrode (including the electrode materials and the current collector) the 3D HGF/SnO~2~ electrode delivers highest specific electrode capacity when the current density is less than 500 mA g^−1^ (almost doubling the previous record) ([Figure 4](#fig4){ref-type="fig"}B).Figure 4Comparison of Energy Storage Performance Metrics for Various Anode Materials(A) Comparison of areal performance metrics of SnO~2~/HGF electrode with those of various commercial and research anodes, including graphite anodes and high-capacity Si and SnO~2~ anodes.(B) Comparison of specific capacities at various current densities normalized by the total mass of the electrode (including the electrode materials, the current collector, and any other additives when applicable).

Discussion {#sec3}
==========

Together, we have demonstrated that a freestanding 3D-HGF/SnO~2~ composite, in which the mechanically strong 3D-HGF offers sufficient space and flexibility to accommodate the volume expansion of SnO~2~ nanoparticles while providing efficient electron and ion transport pathways, fully captures the merit of high-capacity alloy-type anode materials in high areal mass loading electrodes and achieves an extraordinary areal capacity up to 14.5 mAh cm^−2^. We should note that although a high mass loading electrode has been demonstrated as an ultra-high rate anode based on a similar 3D-HGF/Nb~2~O~5~ composite structure, the areal capacity achieved there is limited (∼4 mAh cm^−2^) owing to the intrinsically lower theoretical capacity of the Nb~2~O~5~ anode materials. It is important to note that the ultra-high areal capacity up to 14.5 mAh cm^−2^ achieved in the current study represents one of the highest areal capacities achieved in all anode materials reported to date, to the best of our knowledge. It is also worth noting that our HGF/SnO~2~ electrode does not contain any other binder or conductive additive and shows the highest specific capacity reported to date when normalized by the total weight of the entire electrode (electrode composite materials and the current collector). This study thus defines a critical step in exploring the high-capacity alloy-type electrode materials for practical electrochemical energy storage devices.

Limitations of the Study {#sec3.1}
------------------------

Although this solution-processable self-assembly approach shows great promise for large-scale production of 3D graphene-based composite electrodes, it is still a batch process that can limit the production throughput. To solve this issue, a scalable manufacturing process capable of high-throughput production (e.g., a roll-to-roll process) is highly desirable for practical battery manufacturing.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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